The propagation of mechanically-induced intercellular calcium waves (ICW) among 
Introduction
Connexin43 (Cx43) -mediated gap junctional communication regulates bone matrix production in vitro (1) and is required for normal bone formation in vivo (2) . Modulation of gap junctional communication in vitro alters osteocalcin production by transcriptional regulation. In vivo, detailed analysis of Cx43-deficient mice has revealed distinctive skeletal abnormalities. However, the mechanisms by which Cx43-mediated gap junctional communication alter bone formation are poorly understood. One such mechanism may be by the coordination of intercellular calcium signaling among osteoblastic cells. A well described in vitro model, and one which may mimic the effects of mechanical forces on bone cells, is that of mechanicallyinduced intercellular calcium signaling, or intercellular calcium waves (ICW).
Two mechanisms for the propagation of mechanically-induced ICW in osteoblastic cells have been described. In the UMR 106-01 rat osteoblastic cell line, mechanical stimulation of a single osteoblast leads to propagation of fast (~15 um/sec) ICW that require activation of P2Y (purinergic) receptors on neighboring cells, presumably by released nucleotides, and subsequent generation of inositol triphosphate and release of intracellular calcium stores. In the ROS 17/2.5 rat osteoblastic cell line, slow ICW require gap junctional communication. Unlike gap junctionmediated ICW that have been identified in many other cell models, gap junction-mediated ICW in ROS cells do not require release of intracellular calcium stores, and do not require diffusion of IP3 through gap junction pores.
In human osteoblastic cells, both of these mechanisms for the propagation of ICW have been identified, and have different kinetics. Mechanical stimulation of human osteoblast-like
Experimental procedures

Cell culture and chemicals:
The rat osteoblastic cell lines ROS 17/2.8 (ROS) and UMR 106-01 (UMR), and UMR cells transfected with the gene coding for the gap junction protein connexin43 (UMR/Cx43) (3), were grown in Minimum Essential Medium (MEM) supplemented with 10% heat inactivated calf serum, non-essential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine and penicillin/streptomycin (all from Life Technologies). Geneticin (200 µg/ml) was added to the medium of UMR/Cx43 cells. The cells were maintained in a humidified atmosphere of 5% CO 2 at 37°C, with medium change every 2-3 days.
Human osteoblastic cells were isolated from human bone marrow obtained from healthy volunteers, age 20-36, by puncture of the posterior iliac spine. All participants had read and signed informed consent, and the study was approved by the local ethics committee. The marrow material was collected in PBS with Ca and Mg (Life Technologies) containing 100 U/ml Heparin (Sigma). The mononuclear fraction of the marrow was isolated on a Lymphoprep (Nycomed) gradient and plated. The next day the supernatant was aspirated to remove the non-adherent cells. Adherent cells were then grown in MEM without phenol red (Life Technologies) supplemented with 10% heat inactivated fetal calf serum and penicillin/streptomycin. The cells were maintained in a humidified atmosphere of 5% CO 2 at 37°C, with medium change every 7 days. After 4-5 weeks of culture when cells reached ~80% confluence, the medium was supplemented with 100 nM dexamethasone (Sigma) for 7-10 days to enhance osteoblastic differentiation. For calcium imaging experiments, cells were plated on 25 mm #1 glass coverslips for 2-4 days and used at 70-90% confluence.
The fluorescent calcium indicator fura-2 was used for calcium imaging and measurements, and purchased from Molecular Probes (Eugene, OR). Nucleotides were from Boehringer Mannheim (Mannheim, Germany). The endoplasmic reticulum calcium ATPase inhibitor, thapsigargin, was purchased from Calbiochem (San Diego, CA), and used in a final concentration of 50 nM. All other chemicals were from Sigma (St. Louis, MO). The gap junction inhibitor heptanol, was made freshly on the day of experiment as a 1:4 heptanol:ethanol solution and used in a final concentration of 3.5 mM. α-glycyrrhetinic acid (AGA), also a gap junction inhibitor, was used in a final concentration of 2 or 5 µM. Nifedipine, an inhibitor of L-type voltage operated calcium channels (VOCC) was used in a concentration of 1, 5 or 10 µM.
Calcium imaging:
Measurement of intracellular calcium concentration was performed using the fluorescent calcium indicator fura-2. Cells in monolayers adherent to non-coated glass coverslips were incubated at 37°C in medium containing 5 µM fura-2/AM for 30 minutes, and then incubated in fresh medium without dye for an additional 20 minutes. Coverslips were affixed to a teflon chamber and mounted in a PDMI-2 open perfusion micro incubator (Medical Systems Corp., Greenvale, NY), maintained at 37ºC with superfused CO 2 , on a Zeiss Axiovert 135 microscope.
Imaging was performed with a Metamorph/Metafluor imaging system (Universal Imaging, West Chester, PA), with excitation wavelengths of 340 nm and 380 nm for acquiring ratio images of fura-2. Probenecid (Sigma) at a concentration of 1 mM was added throughout the experiments to prevent dye leakage. Intercellular calcium waves were initiated by mechanical stimulation of a single cell using a borosilicate glass micro pipette affixed to an Eppendorf 5171 micromanipulator. 
Results
ROS cells, UMR
ROS calcium waves require intact gap junctional communication
The gap junction inhibitor alpha-glycyrrhetinic acid (AGA) was used to confirm that 
ICW in ROS cells, but not in UMR cells, require influx of extracellular calcium through L-type voltage gated calcium channels
We have previously shown that intracellular calcium stores are not required for the propagation of ICW in ROS cells (4) . To confirm that gap junction-dependent ICW required influx of extracellular calcium, ICW were assessed after the bathing medium was exchanged for calcium free medium ( 
ROS calcium waves require membrane depolarization
Since L-type calcium channels are activated by membrane depolarization, prior membrane depolarization would inhibit ICW by preventing membrane depolarization at the time of ICW generation. For these experiments, ROS cells were depolarized using medium containing 70 mM KCl. Before depolarization, ICW propagated to 2.6 cells/wave. After the cells were switched to the high potassium medium, there was a calcium response in all cells due to depolarization-induced activation of VOCC. After the cells had returned to resting [Ca 2+ ] i another mechanical stimulus was applied and the wave now propagated only to 0.6 cells. We then asked whether gap junction-dependent ICW seen in ATP-desensitized human osteoblastic cells were inhibited by removal of extracellular calcium, plasma membrane depolarization by high external potassium, or VOCC inhibitors as summarized in Table I .
Removal of extracellular calcium resulted in inhibition of the slow wave (Figure 2 ). Slow ICW were also blocked by the L-type calcium channel inhibitors nifedipine (Figure 2) , verapamil, or nitrendipine; or membrane depolarization in high extracellular potassium (Figure 3 Although it is unclear what is diffusing through gap junctions to mediate these ICW, the requirement for plasma membrane depolarization and activation of VOCC suggests that ionic traffic through gap junctions may be responsible. This mechanism would be reminiscent of the transmission of calcium transients in excitable tissues such as cardiac myocytes. However, the ICW in osteoblastic cells are much slower than in excitable tissues, suggesting some fundamental difference in mechanism or in receptor density.
This model for the propagation of gap-junction dependent ICW differs from the model for ICW propagation originally proposed for respiratory epithelia and invoked for other cell types including hepatocytes and glial cells. In this previously-described model, ICW are propagated by diffusion of inositol triphosphate through gap junction channels, and subsequent release of intracellular calcium stores (8;9) . Although ROS cells are well coupled by gap junctions 14 comprised of Cx43, they do not propagate mechanically-stimulated ICW via IP3 diffusion, demonstrated by the observation that depletion of intracellular calcium stores has no effect on mechanically-induced ICW propagation in these cells (4) . It is unclear why these cells do not propagate ICW by diffusion of IP3 through gap junctions. One possible explanation is that osteoblastic cells may not express sufficient levels of Cx43 to permit the amount of IP3 diffusion that is required for these ICW to occur. Another possibility is that different connexins may be required to allow ICW mediated by IP3 diffusion.
In primary osteoblastic cells, ICW that require IP3-mediated release of intracellular calcium stores can occur, but these ICW do not require gap junctional communication, they involve activation of P2 receptors by extracellular ATP. This mechanism for ICW propagation occurs in many cells because G protein-coupled P2Y receptors are widely expressed. These P2-mediated ICW may complicate analysis of ICW propagation and must be excluded before ICW can be attributed to gap junctional communication. We have previously shown that monolayers of hamster tracheal epithelia (4) and mouse nasal epithelia (10) propagate IP3-dependent ICW that do not require gap junctional communication but do require activation of P2 receptors.
In glioma cells, connexins participate in P2 receptor-mediated ICW by forming plasma membrane hemichannels that release ATP (#Cotrina). We could not detect gap junction hemichannel formation in the rat osteoblastic cell lines, and in human osteoblastic cells we demonstrated hemichannel formation in only 10% of cells, and only under low calcium conditions. It is therefore unlikely that hemichannels play a role in the gap junction-mediated ICW seen here. If gap junction hemichannels did participate in osteoblast ICW, they would have to do so by mediating calcium influx rather than by mediating ATP release. Maximal number of cells in a wave after adding different agents. n.d.: not done. 1 Experiments performed earlier in another study (9) , where no inhibition of the wave was seen compared to vehicle treated cells. n: number of experiments, SEM: standard error of the mean. 
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